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Abstract 
An experimental test apparatus and method are presented for testing multiple configurations of solar-assisted heat pump systems. 
The purpose of the apparatus is to validate computer models, refine control strategies, test system reliability, and measure the 
performance of water-to-water heat pumps. The apparatus’ components, mathematical models, and data acquisition system are 
described in detail. The test procedures for characterizing equipment and performing system operating mode validations are 
documented. Validation results for system modes of operation are included, which demonstrate strong agreement between model 
and experimental performance. 
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1. Introduction 
Solar-assisted heat pump (SAHP) systems aim to combine the beneficial characteristics of solar thermal 
collectors and heat pumps in a synergistic fashion for the purpose of domestic water and space heating. Adding a 
heat pump to a solar collector has the potential to extract further energy from a solar loop, improving solar fraction. 
Adding a solar thermal collector to a heat pump has the potential to improve the heat pump coefficient of 
performance during operation by increasing the evaporator inlet temperature. SAHP systems were investigated in 
the 1970s and 1980s [1,2], but poor compressor technology resulted in poor performance of the overall system. 
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Interest in these hybrid systems has been renewed over the past decade due to significant improvements in 
compressor, heat exchanger, and solar thermal equipment performance and reliability [3-9]. 
 
The complexity of these unique heating systems prompts a need to simulate long-term performance for the 
following development activities: 
 
x Evaluating possible system configurations  
x Optimizing equipment type and size for application to given building demands 
x Developing intelligent control strategies to maximize system performance and minimize lifecycle costs 
 
The objective of the current work is to validate TRNSYS models for the many operating modes for a dual-tank 
SAHP. As a result, the current work will maintain this concise scope and not explore the long-term control or 
modelling for the system. A follow-up publication will be submitted to address these concerns. 
 
Nomenclature 
ሶ ୱ୭୳୰ୡୣ rate of heat transfer from source 
ሶ ୪୭ୟୢ rate of heat transfer to load 
ሶ ୡ୭୫୮ rate of work input to compressor 
 coefficient of performance for heat pump 
 
2. Method 
An SAHP experimental test platform has been built at the University of Waterloo, Waterloo, Ontario, Canada. 
The apparatus completely replicates the proposed systems, except that the solar collector has been replaced with a 
circulation heater to facilitate laboratory testing. It is capable of characterizing equipment, validating SAHP models, 
identifying and solving true operating issues, and testing control strategies. Instrumentation used includes: 
thermocouples, flow meters, and power meters. The errors associated with these instruments is very small in 
comparison to the uncertainty of numerical simulations. 
3. Apparatus Details 
The components of which the test rig consists are broken down into two categories: system equipment and 
measurement equipment. System equipment consists of the components which would be required to install a SAHP 
system in an actual building for non-experimental operation. These components are listed below in Table 1. The 
remaining test rig components fall into the category of measurement equipment, meaning they allow for the 
monitoring and recording of experimental results. These components are then broken down further into instruments 
and data acquisition and are listed in Table 2 and Table 3, respectively. Data acquisition is performed using a 
National Instruments CompactDAQ system. 
 
Brief descriptions of the components are provided following the tables below. A system schematic and 
screenshot of the main LabVIEW control screen is included in Appendix A. 
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     Table 1. Test apparatus equipment specifications 
Equipment Make and Model Size Details 
Domestic thermal storage 
tank 
AOSmith 
SUN 80 110 
302.8 (L) With 4.5 (kW) electric heater 
element 
Float thermal storage tank AOSmith 
SUN 120 110 
450.4 (L) With 4.5 (kW) electric heater 
element 
Heat pump Ecologix 
GX-W2W36 
3.8 (kW) Water-to-water 
Heat exchanger Packless 
SL15-25 
44 (kW) 25 plate 
Circulation pump TACO 
008-VVSF6-IFC 
1/25 (HP) Variable speed control 
Circulation heater WATLOW 
CBEC27J10 
6 (kW) Electric power source 
 
     Table 2. Test apparatus instrument specifications 
Instrument Make and Model Accuracy Range 
Liquid flow meter Omega 
FTB4607 
±1.5% 0.22 to 20.0 (GPM) 
Type T thermocouples Omega 
TG-T-30-SLE 
±0.3 (°C) -200 to 350 (°C) 
Current transducer Magnelab 
SCT-0750-010 
and -025 
±1% at 10-130% of 
rated current 
 
0 to 10 (A) 
0 to 25 (A) 
Potential voltage transformer Magnelab 
SPT-0375-300 
±1% at 10-130% of 
rated voltage 
0 to 230 (VAC) 
 
     Table 3. Test apparatus data acquisition specifications 
Component Make and Model Quantity Purpose 
Chassis NI cDAQ-9178 1 Computer interface 
Thermocouple module NI 9213 2 Measure and record temperatures 
Digital IO module NI 9401 2 Flow meter readings, valve control 
Analogue input module NI 9205 1 Power meter readings 
Analogue output module NI 9265 1 Variable speed pump control 
 
The water tanks are standard solar thermal storage units and both include an auxiliary heating element. Each tank 
includes 4 ports to connect to load and source, as well as 4 other ports for safety pressure release, air release, tank 
drainage, and thermocouple placement. Although the internal electric heater elements are rated for 4.5 (kW) at 240 
(VAC), the elements are supplied with a 208 (VAC) source, reducing their output to 3.38 (kW). 
 
The heat pump is a water-to-water unit custom built by Ecologix Heating Technologies Inc., Cambridge, Ontario, 
Canada. The compressor technology used is a fixed speed scroll type with a nominal output capacity of 3.8 (kW). 
R123-a refrigerant is used because it is most appropriate for the operating conditions expected for the SAHP system. 
A flow switch is included to ensure that the HP does not run if no flow is being supplied to the source side. The load 
side of the HP has integrated overheating protection. 
 
492   Carsen J. Banister et al. /  Energy Procedia  48 ( 2014 )  489 – 498 
An electrical resistance circulation heater is used in lieu of solar thermal collectors to facilitate laboratory testing 
of the system. The capacity of the heater allows the system to simulate up to 4 (m2) of STC area. Heater controls 
have been developed in LabVIEW to provide two methods of operation. The power output of the heater can be 
controlled to simulate the performance of a STC over the course of a day. It is also possible to control the output 
temperature of the heater to test and characterize equipment. 
 
Variable speed pumps are used to supply different flow rates depending on the mode of operation. HP operation 
requires much higher flow rates than HX operation. The pumps are controlled using an analog current output. A 
feedback loop utilizing the flow meters adjusts the pump power to reach the desired flow rate. 
 
A standard tempering valve on the supply side of the system ensures that water delivered to the load does not 
exceed 55 (°C). Three way valves are used to control flow direction for the various modes of operation. Water mains 
supply in the laboratory building is plumbed to the test rig as a cold water source. A floating point valve allows 
water draws to be simulated. The three way and floating point valves operate on a 120 (VAC) supply which is 
controlled by digital transistor-transistor logic (TTL) outputs through an appropriate relay. 
 
The three installed flow meters monitor the flow rates on the source side, load side, and DHW draw. This 
provides a method for calculating heat transfer rate over devices when the temperature change is also measured. 
Voltage and current are measured on the HP and DHW heating element. The HP can be characterized using the 
measured power consumption and the heat transfer rate. DHW heating element power consumption is monitored to 
measure the amount of energy consumed by auxiliary heating. 
 
The test rig includes approximately 32 thermocouples to monitor temperatures throughout the system. Typical 
placements are on the inlet and outlet of devices to provide a method for calculating heat transfer rate. For example, 
4 thermocouples are assigned to the heat exchanger to measure the inlet and outlet temperatures on the source and 
load side. In addition to measuring temperature differences across devices, 5 thermocouples are placed in each water 
tank to measure the storage temperature. These thermocouples are distributed vertically with equal spacing to 
monitor stratification within the tanks. Thermocouples are also installed at all inlets and outlets of the tanks. The 
ambient air temperature is measured for the purpose of evaluating heat losses from the equipment. 
 
All the components of the test rig are interfaced through the Data Acquisition system (DAQ). Various inputs and 
outputs within the DAQ allow for monitoring, data collection, and operational control. Two dedicated thermocouple 
modules with built-in cold-junction compensation are used to record temperatures throughout the system. A digital 
I/O card is used in input mode to count pulses from the flow meters which are converted to flow rates. A second 
digital I/O card is used in output mode to control all the electronic valves in the system and signal the HP on and off. 
An analog output card controls the speeds of the circulation pumps. An analog input card is used to measure the 
voltages from the power metering equipment, from which the power consumption of a device can be calculated. 
4. Results 
The test rig is able to successfully test the performance and operation of multiple SAHP system configurations. 
Individual components can be characterized for the purpose of entering parameters in computer simulations. The 
following operating modes of the system were validated: (1) thermal storage tank heating via internal electric 
resistance element; (2) thermal storage tank standby losses; (3) solar source charging thermal storage tank via heat 
exchanger; (4) solar source directly charging thermal storage tank; and (5) heat pump performance map. The 
validation of each of these operating modes is discussed in detail below. 
4.1. Internal electric resistance element 
The DHW tank was heated from room temperature to about 65 (°C) using the internal electric resistance element. 
Thermocouples placed at several heights within the tank allow for the analysis of stratification and comparison to 
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model results. The TRNSYS type used for modelling the storage tank is Type 4b. A single element is used and is 
placed in the second node from the top. Five nodes are used to model the tank, each with a height of 0.3 (m), adding 
to an overall tank height of 1.5 (m). A high level of stratification is expected since there is no forced convection of 
the fluid within the storage tank. The experimental and model results are both shown in Fig. 1. 
 
Fig. 1. Temperatures within DHW tank during charging via internal electrical resistance heater 
A high degree of stratification was observed, with the differential across the tank at approximately 40 (K). The 
top tank temperatures rose at very similar rates, however the model overestimated this rise by about 2 (K). At the 
bottom of the tank both the model and experiment showed no noticeable temperature rise. Looking finally at the 
middle of the tank, the model predicted no temperature rise, but the experimental results showed a rise of about 
3 (K). Overall, the agreement between model and experiment is strong, but there are some deficiencies to be noted in 
the stratified thermal storage tank model. It is difficult to fully encompass stratification effects since they result from 
natural convection and conduction within the tank. 
4.2. Storage tank standby losses 
An experimental thermal storage tank was left sitting for approximately 12 hours to validate standby loss 
modelling. Once again, TRNSYS Type 4b was used to model the thermal storage tank. Five nodes were used for the 
simulation model and five measurement points were installed in the experimental tank to match. The default loss 
coefficient of -3.0 (kJ/hr m2 K) for the TRNSYS thermal storage tank component was adjusted to -3.5 (kJ/hr m2 K) 
to more accurately model the experimental tank. It was also necessary to include an incremental loss coefficient for 
the bottom node, since the real tank had the cool water settle to the bottom of the tank. An additional 
3.0 (kJ/hr m2 K) loss applied to the bottom node resulted in increased modelling accuracy. A comparison of model 
and experimental results for tank standby losses is included below in Fig. 4. 
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Fig. 2. Temperatures within DHW tank during charging via solar source and heat exchanger 
Regardless of fine-tuning, there are discrepancies between the model and experiment which are difficult to 
resolve. TRNSYS models nodes as a uniform temperature, whereas the experimental apparatus measures a single 
temperature, but the nodes are not uniform. Settling may occur during the standby period, whereby some nodes drop 
temperature more dramatically than others. The TRNSYS model does not account for cooling fluid falling to the 
bottom node from those above. This is a deficiency that is not practical to resolve, therefore it is fortunate that it is 
very minor. It is important to note, but it is expected to be negligible for system operation over time spans of days or 
longer. In addition, the common operating range of the DHW tank is 50 to 70 (°C), and the model performs 
sufficiently well within these temperatures. By definition, the float tank temperature variation will be more 
significant than the DHW tank, so the model limitations may be more significant for this case. 
4.3. Solar source to domestic hot water tank via heat exchanger 
The process of charging the DHW tank with the solar source via the external heat exchanger was modelled and 
validated experimentally. The following TRNSYS types were used in addition to the aforementioned thermal 
storage tank: Type 5b – heat exchanger, Type 3d – hydronic pump, and Type659 – auxiliary heater. The parameter 
of importance is the heat transfer rate coefficient of the heat exchanger. This process also explores the thermal 
stratification and storage within the DHW tank. In contrast to tank charging with the internal element, it was 
expected that charging via the heat exchanger would diminish stratification within the tank, since a constant 
circulation of water causes mixing. The flow rates through both sides of the heat exchanger were kept constant at 
5 (L/min) for the duration of the test. The validation results are presented below in Fig. 4. 
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Fig. 3. DHW tank charging via solar source and heat exchanger 
In contrast to charging with the internal element, no noticeable stratification occurs within the tank while 
charging with the solar source and heat exchanger. This is due to the high amount of water that is circulated with a 
flow rate of 10 (L/min), which results in the tank being fully turned over every 30 minutes. In addition, the flow 
causes mixing to occur where it enters the tank. While using the heat exchanger, the forced convection minimizes 
the temperature differential throughout the tank to about 5 (K). In contrast, the internal element heating results 
presented earlier showed an overall temperature differential around 40 (K). 
 
The heat transfer coefficient for the heat exchanger model was adjusted to match the experimental results, with a 
value of 555 (W/K) providing accurate agreement. The heat transfer coefficient was increased until the model results 
accurately matched the experimental results. Although the performance of the heat exchanger may vary with inlet 
and outlet conditions temperatures, the heat transfer coefficient is taken to be constant over the typical operating 
range 20 (°C) to 80 (°C). The stratification predicted by the model differs from the experimental results only 
marginally. The model over-predicts the tank top temperature and under-predicts the lower temperature. The 
stratification calculated by the model is ideal and does not account for complex inlet and outlet water flows and 
diffusion between layers. Typical temperature inaccuracies of the model are 0.5 (K), which is not much larger than 
the temperature measurement uncertainty of 0.3 (K). Charging of the DHW tank via the heat exchanger is 
successfully validated. 
4.4. Solar source to thermal storage tank 
Direct charging of the float tank via the solar heat source was also validated. This operation mode is similar to, 
but simpler than, charging the DHW tank via heat exchanger. Therefore, the results are not included here in order to 
maintain an effective use of written length. 
4.5. Heat pump 
The performance of the heat pump was modelled over a wide range of source and load temperatures at balanced 
and constant flow rates of 10.75 (kg/min). A total of 27 data points were collected from a combination of source and 
496   Carsen J. Banister et al. /  Energy Procedia  48 ( 2014 )  489 – 498 
load temperatures. The source temperature held at values of approximately 10, 15, 20, 25, and 30 (°C), while the 
load temperature was varied from 15 (°C) to 50 (°C), by 5 (°C) increments [10]. At no time was the load temperature 
permitted to be lower than the source temperature. The results were used to establish a correlations for compressor 
work, source heat transfer rate, and load heat transfer rate. The ratio of load heat transfer rate and compressor 
defines the coefficient of performance (COP). The following three equations correlate accurately to the experimental 
results within a maximum error of 1.59% and a minimum coefficient of determination equal to 0.9975 [11]. 
 
ሶܳ ௦௢௨௥௖௘ ൌ ܽ௦ ൅ ܾ௦ݕ ൅ ܿ௦ݔ ൅ ݀௦ݔݕ ൅ ௦݂ݔଶ ൅ ݃௦ݔଶݕ ൅ ݄௦ݔଷ ൅ ݅௦ݔଷݕ (1) 
ሶܳ ௟௢௔ௗ ൌ ܽ௟ ൅ ܾ௟ݕ ൅ ܿ௟ݔ ൅ ݀௟ݔݕ ൅ ௟݂ݔଶ ൅ ݃௟ݔଶݕ ൅ ݄௟ݔଷ ൅ ݅௟ݔଷݕ (2) 
ሶܹ ௖௢௠௣ ൌ ܽ ൅ ܾݔ ൅ ܿݕ ൅ ݀ݔଶ ൅ ݂ݕଶ ൅ ݃ݔଷ ൅ ݄ݕଷ ൅ ݅ݔݕ ൅ ݆ݔଶݕ ൅ ݇ݔݕଶ (3) 
ܥܱܲ ൌ ሶܳ௟௢௔ௗȀ ሶܹ௖௢௠௣  (4) 
     Table 4. Heat pump performance coefficients [11] 
ሶܳ ௦௢௨௥௖௘ ሶܳ ௟௢௔ௗ ሶܹ ௖௢௠௣ 
ܽଶ ൌ ʹǤʹ͹ͻʹ ൈ ͳͲଶ ܽ௟ ൌ ͸Ǥ͸͵ͺͺ ൈ ͳͲଷ ܽ ൌ ͵Ǥͻ͹ͻͳ ൈ ͳͲଶ 
ܾ௦ ൌ ʹǤ͹ͲͻͲ ൈ ͳͲଵ ܾ௟ ൌ െͳǤͲ͹͹ͺ ൈ ͳͲଶ ܾ ൌ െͷǤͷ͵͵ͷ ൈ ͳͲ଴ 
ܿ௦ ൌ ͷǤ͸ͻͲͻ ൈ ͳͲଶ ܿ௟ ൌ െ͸Ǥ͸ͷ͵ʹ ൈ ͳͲଶ ܿ ൌ ͳǤͷͻ͵͵ ൈ ͳͲଵ 
݀௦ ൌ െͳǤͲͻͺͳ ൈ ͳͲଵ ݀௟ ൌ ͳǤ͹͹ͻͷ ൈ ͳͲଵ ݀ ൌ ʹǤͷ͵ͺͻ ൈ ͳͲିଵ 
௦݂ ൌ െʹǤͻͲͻʹ ൈ ͳͲଵ ௟݂ ൌ ͶǤ͹͸ʹ͵ ൈ ͳͲଵ ݂ ൌ െʹǤͲͺͷͳ ൈ ͳͲିଵ 
݃௦ ൌ ͸Ǥ͸͸ͷͳ ൈ ͳͲିଵ ݃௟ ൌ െͳǤͳ͵͵ͷ ൈ ͳͲ଴ ݃ ൌ െ͵ǤͲͲ͸͵ ൈ ͳͲିଷ 
݄௦ ൌ ͷǤͺͳʹͳ ൈ ͳͲିଵ ݄௟ ൌ െͺǤͺ͹ʹʹ ൈ ͳͲିଵ ݄ ൌ ͶǤʹͻ͵ͷ ൈ ͳͲିଷ 
݅௦ ൌ െͳǤ͵ͳʹͷ ൈ ͳͲିଶ ݅௟ ൌ ʹǤͳ͵ͺ͹ ൈ ͳͲିଶ ݅ ൌ െͳǤ͵ͷ͸Ͳ ൈ ͳͲିଵ 
- - ݆ ൌ ͻǤʹ͹ʹ͹ ൈ ͳͲିହ 
- - ݇ ൌ ͵ǤͳͶ͸Ͷ ൈ ͳͲିଷ 
 
The results from the heat pump performance mapping were used to create a custom model for the component 
within TRNSYS. 
5. Conclusions 
The test rig designed and constructed through this work can successfully support the validation of simulation 
models for SAHP systems. The test apparatus is able to characterize equipment accurately and validate modes of 
system operation. The agreement obtained between the model and experimental setup are very close to one another. 
Experiments conducted indicate that thermal storage tank models are a key factor determining the accuracy of 
overall results. The performance of many system components is dependent on the temperature(s) of fluid at the 
inlet(s), therefore inaccuracies for storage temperatures are compounded by other devices in the system. Some 
examples of components sensitive to inlet temperature are: heat pump, heat exchanger, and solar thermal collector. 
This SAHP test apparatus is a valuable and effective tool for evaluating the quality of computer models, enabling 
the ability to perform key development activities. 
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Appendix A. Apparatus schematics 
A schematic of the test apparatus is included below in Fig. 4. The schematic omits instrumentation and data 
acquisition equipment, and focuses on the main equipment that would comprise a functioning installation. 
 
Fig. 4. Schematic of solar-assisted heat pump test apparatus 
Extensive controls, measurement, and data acquisition were programmed within the LabVIEW environment to 
achieve a powerful and effective test method. An overview of the main control screen for the apparatus is shown in 
Fig 5. This screen allows for manual control of the experimental system and can be fully automated using the 
control strategy portion of the program. 
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Fig. 5. DHW tank charging via solar source and heat exchanger 
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